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Abstract 

Hepatitis C virus (HCV) is a major cause of chronic liver disease. However, little is known about the details of its assembly 
and secretion. Golgi-related proteins have been recently proven to have a key function in HCV secretion. Golgi protein 73 
(GP73), a resident Golgi membrane protein, is a potential serum biomarker for the diagnosis of liver diseases and 
hepatocellular carcinoma. Previous studies have demonstrated the upregulation of GP73 in the liver samples and sera of 
HCV-infected patients. However, the function and regulatory mechanism of GP73 in HCV infection at the cellular level 
remain unknown. In this study, we examined the expression level of GP73 in HCV infected cells and its effect on HCV life 
cycle in cell culture systems. Both the protein expression and mRNA levels of GP73 significantly increased in HCV 
subgenomic replicon-harboring cells and HCV-infected cells, which imply that GP73 was upregulated by HCV infection. HCV 
production was significantly enhanced when GP73 was overexpressed, but dramatically inhibited when GP73 was silenced. 
However, the overexpression and knockdown of GP73 showed no evident effect on the entry, protein translation, RNA 
replication, and assembly of HCV, which indicates that GP73 enhanced the secretion process. Moreover, the coiled-coil 
domain of GP73 was required to increase HCV secretion. GP73 increased and interacted with apolipoprotein E, an identified 
host factor that assists in HCV secretion. These results demonstrate the critical function of GP73 in HCV secretion and 
provide new insights into the therapeutic design of antiviral strategies. 
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Introduction 

Hepatitis C virus (HCV), which is a major cause of chronic liver 
diseases, affects approximately 170 million people worldwide. 
More than 80% of infected patients develop chronic infection and 
one-third of these patients develop progressive liver injury, fibrosis, 
cirrhosis and hepatocellular carcinoma (HCC) over a period of 20 
to 30 years [1-3]. To date, no prophylactic or therapeutic vaccine 
for HCV is available. The combinative administration of 
PEGylated-interferon(IFN)-a and ribavirin remains the standard 
treatment for chronic hepatitis C, but its efficiency varies across 
different genotypes and causes severe side effects [4]. Therefore, 
the development of novel HCV drug therapies is urgently needed 
and greatly relies on a better understanding of the life cycle of 
HCV. 

HCV, a small enveloped RNA virus, belongs to the Hepacivirus 
genus of the Flaviviridae family, which also includes several classic 
flaviviruses, such as dengue virus and yellow fever virus [5]. 
Similar to other flaviviruses, the life cycle of HCV involves 
attachment and entry, protein translation, RNA replication, 
assembly and release [6]. HCV pseudoparticles (HCVpp), sub- 
genomic replicon (SGR), and HCV cell culture systems (HCVcc) 
have been developed in recent years to study the mechanisms 
underlying the HCV life cycle [7-10]. Although great progress 
continuously being made, our knowledge of such mechanisms, 



particularly of virion assembly and secretion, remains highly 
limited [6]. 

Recent studies have revealed the importance of Golgi compo- 
nents in HCV maturation. Protein kinase D (PKD) is recruited to 
the trans-Golgi network to influence vesicular trafficking to the 
plasma membrane. The expression of HCV proteins inactivates 
PKD to enhance HCV secretion [11]. In addition, Golgi-localized 
phosphatidylinositol 4-phosphate and its interacting protein Golgi 
phosphoprotein 3 are required for HCV secretion [12]. A recent 
study used targeted siRNA screens, to identify and prove that 
several other Golgi-related proteins, including cytohesin-3 (re- 
sponsible for Golgi structures and functions), protein kinase Dl, 
adaptor-related protein complex 1, phosphatidylinositol 4-kinase 
beta and clathrin interactor 1 (responsible for cargo sorting and 
vesicle budding from the trans-Golgi network), are involved in 
HCV virion secretion [13]. Other studies also confirmed that 
Golgi protein 73 (GP73), also known as GOLPH2 or GOLM1, is 
upregulated in the liver samples of HCV infected patients [14,15], 
Moreover, the serum GP73 level is significantly higher in HCV- 
positive patients with HCC than that in healthy individuals [16]. 
GP73 is a type-II membrane protein residing in the cis- and medial- 
Golgi cisternae [17]. GP73 overexpression has been identified in 
various acute and chronic liver diseases [14,18-20], and serum 
GP73 is considered as a better biomarker in the early diagnosis of 
liver diseases than the conventional alpha-fetoprotein [21—24]. 
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Based on protein sequence analysis, GP73 is conserved among 
different species, and shares a short cytoplasmic N-terminus, a 
transmembrane domain (TMD), and a coiled-coil domain [25,26]. 
Previous studies showed the following findings: GP73 exists as a 
dimer that is mainly mediated by the conserved coiled-coil 
domain, and the dimer is stabilized by two inter-protein disulfide 
bonds formed by two conserved cysteines in the coiled-coil 
domain; the Golgi localization of GP73 is determined by the TMD 
and a single positively charged residue flanking the TMD on the 
cytoplasmic site; GP73 interacts with other cellular proteins, 
including clusterin, mainly through the coiled-coil domain [25,27]. 
However, the exact function and biological function of GP73 in 
HCV infection have not been investigated at the cellular level. 

To determine the correlation between GP73 and HCV 
infection at the cellular level, the effect of GP73 on the HCV 
life cycle and its regulation in HCV-infected cells were examined 
in this study. Our results suggest that GP73 was upregulated by 
HCV infection, and GP73 could enhance HCV virion secretion 
by increasing apolipoprotein E (APOE) and interacting with 
APOE. Our results confirm the connection between GP73 and 
HCV infection at the molecular and cellular levels for the first 
time, and provide new insights into the therapeutic design of anti- 
HCV strategies. 

Materials and Methods 

Plasmid construction 

GP73 truncation expression plasmids were generated as 
previously described [25]. Plasmid pjcl (APP23) containing the 
full-length Jcl HCV sequence was provided by Apath L.L.C 
(USA). Plasmid pJcl-GFP, which was used to produce HCV-GFP 
virus, was constructed by inserting the coding sequence of green 
fluorescence protein (GFP) in the NS5A gene as previously 
described [28]. HCV SGR pSGR-JFHl was provided by Dr. Jin 
Zhong (Institute Pasteur of Shanghai, Chinese Academy of 
Sciences) and pSGR-Conl was constructed as previously de- 
scribed [7]. Plasmid pRLenti-GP73 was constructed by subcloning 
the open reading frame of GP73 into the lentiviral vector pRlenti. 
Plasmids pSuper-shGP73-l and pSuper-shGP73-2, which were 
used to generate siRNA against GP73, were constructed by 
inserting the target sequence into the pSuper (Oligoengine, USA) 
in site with Bgl II and Hind III. The inserted sequences are as 
follows: 

shGP73-l:5'-GATCCCCGTTGAGAAAGAGGAAACCAA- 
TTTCAAGAGAATTGGTTTCCTCTTTCTCAACTTTTTA- 
3'. 

shGP73-2:5'-GATCCCCCGAATAGAAGAGGTCACCAA- 

ATTCAAGAGATTTGGTGACCTCTTCTATTCGTTTTTA- 

3'. 

The target sequences against GP73 are underlined. The 
glycoprotein sequences of HCV J6 and JFH 1 were cloned into 
pCDNA3.1 to generate pJ6ElE2 and P JFH1E1E2 for HCVpp 
production as previously reported [29]. 

Cells and reagents 

Huh7, Huh7.5.1, and HEK 293T cells were cultured in 
Dulbecco's modified Eagle's medium (Gibco, USA) supplemented 
with 10% fetal bovine serum (Hyclone, USA), 100 units/mL 
penicillin, and 0.1% (w/v) streptomycin. pSGR-Conl and pSGR- 
JFH1 RNA were transfected into Huh7 and Huh7.5.1 cells, 
respectively. HCV SGR-harboring cells (Huh7-SGR and 
Huh7.5. 1-SGR) were subsequently established as previously 
described [7]. Huh7-SGR cured cells and Huh7.5.1-SGR cured 
cells were obtained by treating SGR cells with 270 ng/mL of 



pegylated interferon oc-2a (pegasys) for 2 weeks. Huh7.5.1 cells 
were infected with the GP73 and shGP73 lentiviral particles and 
cultured in the medium supplemented with 800 Mg/mL G418 and 
4 ug/mL puromycin, respectively. After three weeks of selection, 
the surviving cells were pooled and designated as Huh7.5.1 GP73 
and Huh7.5.1 shGP73-l. 

HCV core monoclonal antibody (C7-50) and NS3 monoclonal 
antibody (H23) were purchased from Abeam (USA). Anti-FLAG 
monoclonal antibody M2 was purchased from Sigma (USA). 
Rabbit polyclonal antibody anti-APOE was purchased from Sino 
Biological Inc. (Beijing, China). Anti-GP73 monoclonal antibody 
(5B12) and rabbit polyclonal antibody were prepared in our 
laboratory. 

HCV-GFP virus preparation and titration 

The in vitro RNA transcription, transfection into Huh7.5.1, and 
preparation of HCV-GFP viruses were all performed as previously 
reported [30,31]. For titration, the viral supernatant was 
centrifuged to remove cell debris and serially diluted to infect 
Huh7.5.1 cells. After 72 h, the cells were fixed with 4% 
paraformaldehyde for observation under fluorescence microscopy. 
Virus titers were calculated as focus forming units per milliliter. 

HCVpp preparation and infection 

HCVpp was prepared as previously reported [29]. The target 
cells were incubated with a virus-containing supernatant in the 
presence of 4 |lg/ mL polybrene (Sigma, USA) for 6 h. Infection 
efficiency was measured by a flow cytometer (Accrui C6, BD 
Biosciences) 72 h after infection. 

Lentiviral infection 

To produce infectious GP73 and shGP73 lentiviral particles, 
HEK293T cells were co-transfected with either lentiviral vector 
pRLenti-GP73 or pSuper-shGP73-l/2 together with packaging 
plasmid psPAX2 (Addgene plasmid 12260) and pMD2.G 
(Addgene plasmid 12259). At 48 h after transduction, the virus- 
containing supernatant was filtered through 0.45 |J,m filters, and 
incubated with the target cells in the presence of 4 |j,g/mL 
polybrene (Sigma, USA). 

Immunofluorescence assay 

Cells were seeded onto cover slides 24 h after transfection or 48 
h after infection. After overnight culture, slides were directly fixed 
in 4% paraformaldehyde in PBS for 15 min, followed by 
permeabilization with 0.5% Triton X-100 for 5 min. These cells 
were then stained in diluted antibodies. The FLAG epitope in the 
fusion proteins was detected using anti-FLAG monoclonal 
antibody M2 (Sigma, USA), followed by goat anti-mouse 
immunoglobulin conjugated to Alexa Fluor 488 dye (Molecular 
Probes, USA). APOE was detected using anti-APOE rabbit 
polyclonal antibody and a goat anti-rabbit immunoglobulin 
conjugated to Alexa Fluor 488 dye (Molecular Probes, USA). 
Endogenous GP73 was detected using anti-GP73 monoclonal 
antibody (5B12) or rabbit polyclonal antibody prepared in our 
laboratory. The slides were viewed and imaged using a confocal 
microscope (LSM 710, Carl Zeiss). 

Sucrose density gradient centrifugation 

The culture medium of HCV-infected cells was centrifuged to 
remove cellular debris and filtered through 0.45 |J,m filters. The 
supernatant was pelleted by centrifugation at 100,000 xg for 3 h at 
4°C. The pellet was resuspended in 400 |0.L PBS buffer and 
applied on a 20%-60% sucrose gradient (3.5 mL volume) in 
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Figure 1. GP73 is upregulated by HCV infection. (A) GP73 mRNA and viral RNA in SGR-harboring and cured cells. The values are represented 
relative to those of Huh7-SGR. (B) Western blot of GP73 and HCV NS3 proteins in HCV SGR-harboring and cured cells. (C) Huh7.5.1 cells were infected 
with HCV-GFP at 0.02 MOI. Infection efficiency was detected using a flow cytometer at the indicated time points. (D) Intracellular HCV RNA levels 
were quantified by qRT-PCR at the indicated time points. The values are represented relative to those of 4 d post-infection. (E) The mRNA level of 
GP73. The values are represented relative to those of the control. (F) The expression level of GP73 protein and HCV core protein. The results are 
presented as mean ± SEM derived from three experiments (*P<0.05; **P<0.01). 
doi:10.1371/journal.pone.0090553.g001 



SW60 tubes (Beckman Coulter) and centrifugecl at 100,000 x g 
(RCFav) for 16 h at 4°C. We collected 340 U.L fractions from the 
top of the gradient. The fractions were tested for protein levels 
using western blot and relative viral titer with a flow cytometer. 

Co-immunoprecipitation (co-IP) assay 

For intracellular GP73 and APOE interaction, 293T cells were 
cotransfected with plasmids expressing FLAG-tagged GP73 and 
HA-tagged APOE. At 30 h after transfection, cells were harvested 
and lysed in freshly prepared immunoprecipitation buffer consist- 
ing of 50 mil Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 
0.5% NP40 and protease inhibitor cocktail (Sigma) for 20 min on 
ice, followed by centrifugation at 16,000 xg for 30 min at 4 °C. 
The soluble supernatants were processed for immunoprecipitation 
by incubation with specific antibodies or normal mouse IgG 
control overnight at 4 °C. Protein A/G beads (Amersham 
Bioscience) were added for an additional 3 h. The immunopre- 
cipitants were washed eight times with PBS. Associated proteins 
were resolved by SDS-PAGE and immunoblotted with the 
indicated antibodies. 

For secreted GP73 and APOE interaction, the culture medium 
was collected 48 h after transfection and centrifuged to remove 
cellular debris. The supernatants were concentrated by an Amicon 
Ultra -15 centrifugal filter (Millipore, USA) and processed for 
immunoprecipitation as described above. 

Quantitative Reverse Transcription PCR (qRT-PCR) 

The total RNA was extracted from the cells using a Total RNA 
Isolation Kit (Sangon Biotech, China) or from the supernatants 
using QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, 



Germany) according to the manufacturer's instructions. First- 
strand cDNA was synthesized using RevertAid reverse transcrip- 
tase (Fermentas, USA) and qRT-PCR was performed using 
Premix Ex Taq (Takara, Japan) in a CFX96 Real-Time PCR 
Detection System (Bio-rad, USA). The primers used in this study 
are listed in Table SI. 

Intracellular and supernatant HCV-GFP titration 

For intercellular HCV-GFP, the infected cells were harvested 
and lysed by four freeze-thaw cycles in -80°C and 37°C water 
baths. Cell debris was precipitated by centrifugation at 4000 rpm 
for 5 min and the supernatant was collected for intracellular HCV 
titration. For the supernatant HCV-GFP, the medium of the 
infected cell was collected at the indicated time points and 
centrifuged to remove the cell debris for supernatant HCV 
titration. The supernatant from either intracellular or supernatant 
HCV was incubated with 5x10 naive Huh7.5. 1 in a 24-well plate 
for 6 h. At 72 h post-infection, the infected cells were detected 
using a flow cytometer (Accrui C6, BD Biosciences). The 
intracellular and supernatant HCV titers were represented as 
relative titers calculated as percentages of the GFP-positive rate of 
the control, which corresponded to the absolute HCV titer (Figure 
SI). 

Statistical analysis 

Data are shown as means ± standard error of the mean (SEM). 
Statistical analysis was performed using GraphPad Prism software 
(GraphPad, San Diego, CA, USA). P<0.05 was considered to be 
statistically significant. 
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Figure 2. GP73 increases HCV production in the supernatant. (A) Schematic of the experimental procedure. Huh7.5.1 cells were infected with 
the lentivirus carrying the coding sequence of GP73 (pRlenti-GP73), vector control (pRIenti), shRNA expression cassette expressing shRNA against 
GP73 (shGP73-1 and shGP73-2), or non-target control (shNT) for 6 h. After 24 h, Huh7.5.1 cells were infected with HCV-GFP at 0.02 MOI for another 6 
h. The GP73 mRNA levels (B), GP73 protein levels (C), the infection efficiency (D), and MFI (E) of Huh7.5.1 cells were assayed 72 h after infection with 
HCV-GFP. The HCV-GFP titer (F) and HCV viral RNA levels (G) in the supernatant were assayed by flow cytometry or qRT-PCR. The value of pRIenti- 
GP73 is represented relative to that of pRIenti. The values of shRNAs against GP73 are represented relative to those of shNT. The results are presented 
as mean ± SEM derived from three experiments (*P<0.05; **P<0.01). 
doi:10.1371/journal.pone.0090553.g002 



Results 

GP73 is upregulated by HCV infection 

Previous studies reported the enhanced GP73 expression in the 
liver and sera of HCV-positive patients with cirrhosis or HCC 
[14,16]. To determine whether GP73 is augmented by HCV 
replication in the cell culture system, HCV SGR-harboring cells 
were established by transfecting HCV SGR replicon into Huh7 or 



Huh7.5.1, followed by the examination of GP73 expression. Both 
the mRNA and protein expression levels of GP73 were 
significandy upregulated in HCV SGR-harboring cells and 
declined when the HCV genome was cleared by treatment of 
IFN-a (Figures 1A and IB). To investigate whether GP73 is 
upregulated by HCV infection, Huh7.5.1 cells were infected with 
HCV-GFP virus, and GP73 expression was detected at the 
indicated time points. Both the efficiency of HCV infection and 
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Figure 3. GP73 enhances HCV production. (A)The mRNA levels of GP73 in stable cell lines were detected by qRT-PCR. (B) Infection efficiency of 
HCV-GFP in Huh7.5.1 stable cells was detected with flow cytometry at the indicated time points after infection at 0.02 MOI. (C) Intracellular viral RNA 
in Huh7.5.1 cells was quantified by qRT-PCR. The values are normalized to those of 24 h post-infection. (D) HCV-GFP infectivity of the supernatant at 
72 h and 96 h post-infection were assayed by flow cytometry. (E) HCVpp infectivity in stable cells. The values are represented relative to naive 
Huh7.5.1 after normalization with VSVGpp infectivity. (F) HCV RNA levels in stable cells at 96 h post-transfection with pSGR-JFH1. The values are 
represented relative to those of naive Huh7.5.1 after normalization with HCV RNA level at 6 h post-transfection. The results are presented as mean ± 
SEM derived from three experiments (*P<0.05; **P<0.01). 
doi:1 0.1 371 /journal.pone.0090553.g003 



quantity of viral RNA increased, peaked 1 1 d after infection, and 
decreased thereafter (Figures 1C and ID). Similarly, the mRNA 
and protein expression levels of GP73 were also significantly 
upregulated and peaked 11 d after infection (Figures IE and IF). 
These results suggest that GP73 is upregulated by HCV infection. 

GP73 significantly enhances HCV production 

To determine the influence of GP73 on HCV infection, we 
investigated whether GP7 3 participated in HCV entry, viral RNA 
replication, and the production of infectious HCV in the culture 
supernatant. Different cell-based assays were used to address these 
questions. First, GP73 was overexpressed or silenced in Huh7.5.1 
cells through the lentiviral delivery system (Figure 2A). The 
mRNA and protein levels of GP73 were analyzed (Figures 2B and 
2C). No significant difference was observed in the infection 
efficiency (Figure 2D) regardless of the expression levels of GP73. 
Moreover, no significant difference in the mean fluorescent 
intensity (MFI) was observed, which indicates that GP73 did not 
influence the protein expression level of NS5A-GFP of HCV 
(Figure 2E). However, as shown in Figure 2F, the overexpression 
of GP73 significantly increased the supernatant infectious HCV 



(pRLenti-GP73), whereas the inhibition of GP73 markedly 
decreased the supernatant infectious HCV (shGP73-l, shGP73- 
2). The corresponding changes in the supernatant HCV RNA 
level were also observed (Figure 2G). 

In the second system, stable Huh7.5.1 cell lines were 
established, in which GP73 was either overexpressed using a 
GP73-expressing lentiviral vector or knocked down using a 
shGP73-expressing lentiviral vector (Figure 3A). These cell lines 
remained normal viability and morphology (data not shown). After 
these stable cell lines were infected with HCV-GFP at 0.02 MOI, 
the infection efficiency, intracellular HCV RNA, and supernatant 
HCV titer were measured every 24 h. In the GP73-overexpressed 
Huh7.5.1, the infection efficiency and intracellular HCV RNA 
level were markedly higher than those in the naive Huh7.5.1. 
However, these values were significantly lower in the GP73 
knockdown cells (Figures 3B and 3C). Moreover, the overexpres- 
sion of GP73 significantly increased the supernatant infectious 
HCV, whereas the inhibition of GP73 markedly decreased the 
supernatant infectious HCV (Figure 3D). Similar results were 
observed when the experiments were performed in Huh7 cells 
(Figure S2). 
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Figure 4. GP73 increases the secretion of HCV through the coiled-coil domain. Huh7.5.1 cells infected with HCV-GFP at 0.02 MOI were 
transfected with GP73 truncation expression plasmids at 48 h post-infection. At 48 h after transfection, Huh7.5.1 cells were harvested and assayed. (A) 
Protein expression levels of GP73 truncations were detected by western blot. Infection efficiency (B) and MFI (C) of HCV-infected Huh7.5.1 were 
assayed by flow cytometry (D) Supernatant HCV-GFP titer was assayed by flow cytometry. (E) HCV viral RNA in the supernatant was quantified by 
qRT-PCR. (F) HCV-GFP titer of the supernatant from Huh7.5.1 cells transfected with indicated plasmids was assayed by flow cytometry. (G) 
Intracellular HCV-GFP infectivity was assayed by flow cytometry. (H) Intracellular HCV RNA levels were quantified by qRT-PCR. (I) Diagram of GP73 
truncation structure and summary of effects on HCV production. (Y: Yes; N: No; UP: Upregulated). The results are presented as mean ± SEM derived 
from three experiments (*P<0.05; **P<0.01). 
doi:10.1371/journal.pone.0090553.g004 



To investigate exclusively the effect of GP73 on HCV entry 
process, we measured HCVpp infectivity in the aforementioned 
stable cells. HCVpp infectivity did not display an evident 
difference among these three cell lines (Figure 3E). Moreover, to 
determine the influence of GP73 on viral RNA replication, an 
HCV SGR, pSGR-JFHl, was transfected into the three cell lines, 
and the viral RNA levels were detected using qRT-PCR 96 h after 
transfection. The results showed a slight difference in viral RNA 
replication level, regardless whether GP73 was overexpressed or 
knocked down (Figure 3F). 

In summary, these results suggest that GP73 increased HCV 
production by enhancing its assembly and secretion process, not 
by its entry and RNA replication process. 

GP73 enhances HCV secretion through its coiled-coil 
domain 

In our previous study, we generated a panel of GP73 deletion 
mutants, allowing us to perform a detailed structure-function 
analysis of GP73 [25]. To ascertain the structural determinants of 
GP73 responsible for the enhancement of HCV production, GP73 
truncation expression plasmids were transfected into Huh7.5.1 
cells which were infected with HCV-GFP 48 h in advance (Figure 
4A). HCV production in the supernatant was then analyzed. 
Similar infection efficiency (Figure 4B) and viral protein expression 
(Figure 4C) were observed in all truncations. However, a 
significant enhancement in the infectious HCV and HCV RNA 
in the supernatant was observed in the GP73-FL, GP73-AV, and 
GP73-A(IV-V) transfected cells , but not in the GP73-AI, GP73- 
A(I-II), and GP73-A(I-V) transfected cells (Figures 4D and 4E). 
These results suggested that the cytoplasmic tail (region I), the 
TMD (region II), and coiled-coil domain (region III) of GP73 were 
required to increase the supernatant HCV production. We 
previously found that regions I and II of GP73 are required for 
its Golgi localization, indicating that Golgi localization of GP73 is 
necessary in the GP73 mediated enhancement of the supernatant 
HCV. To determine how region III contributes to the increase in 
supernatant HCV, we examined the effect of two additional GP73 
mutant proteins on the supernatant HCV production. GP73- 
A(III-IV-V) was generated by replacing region III of GP73-A(IV- 
V) by GFP, and GP73-A(I-III-IV-V) was generated by deleting 
region I of GP73-A(III-IV-V) [25]. The loss of region III 
diminished the enhancement of supernatant HCV production, 
which further confirmed that region III of GP73 was necessary in 
the enhancement of the supernatant HCV (Figure 4F). Region III 
of GP73 was predicted to contain three oc-helix segments (56- 
102aa, 103-152aa and 153-205aa) [25]. To determine which 
segment of region III dominates the supernatant HCV production, 
two other GP73 truncation mutants were constructed, which 
contained regions I, region II, and the first a-helix segment and 
region I, region II, and the first two a-helix segments, respectively. 
The results showed that neither the first nor the first two a-helix 
segments were sufficient to increase the supernatant HCV, 
suggesting that the complete coiled-coil domain is necessary 
(Figure 4F). 



To illuminate whether GP73 enhances the supernatant HCV 
through increasing virus assembly or promoting virion release, the 
intracellular HCV titer and intracellular HCV RNA levels were 
measured after transfecting different GP73 truncation mutants 
into HCV-infected cells. GP73-FL and GP73-A (IV-V) did not 
increase intracellular HCV titer or viral RNA (Figures 4G and 
4H), which suggests that GP73 enhanced HCV production by 
assisting HCV secretion, not by promoting assembly. As summa- 
rized in Figure 41, GP73 enhanced HCV production by assisting 
secretion through its coiled-coil domain. 

GP73 upregulates APOE and interacts with intracellular 
and secreted APOE 

Many new host cofactors required in HCV egress were recendy 
identified [13]. To investigate the possible mechanism of GP73 on 
HCV secretion, we first analyzed the expressions levels of these 
cofactors in stable Huh7.5.1 cells with different levels of GP73 
expression. As shown in Figure 5A, APOE mRNA level increased 
in Huh7.5.1 GP73 cells, but decreased in GP73 shGP73-l cells. 
Consistent with these findings, a pronounced increase in 
intracellular and secreted APOE protein levels in Huh7.5.1 
GP73 cells and a decrease in intracellular and secreted APOE 
protein levels in Huh7.5.1 shGP73-l cells were also observed 
(Figure 5B). When the subcellular localizations of GP73, HCV 
viral proteins (NS2, NS4B, and NS5A), and APOE were detected, 
no obvious colocalization between GP73 and HCV proteins was 
observed. By contrast, GP73 and APOE colocalized in the Golgi 
apparatus (Figure 5C). 

To determine whether GP73 and APOE interact direcdy, co-IP 
assays were performed. As indicated by Figure 5D, the intracel- 
lular GP73 and APOE formed complexes. Given that both GP73 
and APOE can be secreted, we found that both proteins also 
existed as a complex in their secreted form (Figure 5E). As shown 
in Figure 5F, GP73-FL, GP73-AV and GP73-A(IV-V), all of 
which enhanced the secretion of HCV virion, could interact with 
APOE. However, GP73-A(I-II) (the GP73 variant faild to enhance 
the secretion of HCV) could not interact with APOE. APOE, a 
key component of HCV virion, is required for HCV infectivity 
[32-34]. To determine if GP73 is also associated with infectious 
HCV particles, HCVcc was fractionized using sucrose density 
gradient centrifugation. Subsequendy, the buoyant density, HCV 
viral RNA and protein levels of GP73, APOE, and HCV core in 
each fraction were detected. GP73, APOE and core were 
simultaneously detected in the fractions with high HCV RNA 
level (the fractions 7, 8, and 9 in Figure 5G). The results indicate 
that GP73 is associated with HCV virion. 

The overall results suggest that one underlying mechanism of 
GP73 enhanced HCV production is through the upregulation of 
APOE and its assistance in HCV secretion through interaction 
with APOE. 

Discussion 

Serum GP73 is considered as a biomarker for liver diseases with 
clinically proven sensitivity and specificity [19,35]. Several recent 
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Figure 5. GP73 upregulates APOE and interacts with APOE. (A) APOE mRNA levels in stable Huh7.5.1 cells were quantified using qRT-PCR. The 
results are presented as mean ± SEM derived from three experiments (*P<0.05). (B) Protein levels of intracellular GP73, APOE, and secreted APOE 
(sAPOE) in stable Huh7.5.1 cells were detected by western blot. (C) Colocalization analysis of endogenous GP73 and HCV proteins and APOE. For 
NS5A and APOE, Huh7.5.1 cells were infected with HCV-GFP at 0.02 MOI. The subcellular localizations of GP73, NS5A-GFP and APOE were imaged with 
indirect immunofluorescence assay. For NS2 and NS4B, Huh7.5.1 cells were transfected with plasmids expressing GFP-tagged NS2 or FLAG-tagged 
NS4B. The subcellular localizations of GP73, NS2-GFP and NS4B were imaged with indirect immunofluorescence assay. (Bar, 10 |j,m.) (D) Co- 
immunoprecipitation analysis of 293T cells cotransfected with plasmids expressing FLAG-tagged GP73 and HA-tagged APOE. Cell lysates were 
immunoprecipitated with normal mouse IgG (mlgG), anti-Flag and anti-HA, respectively. The cell lysates and immunoprecipitates were analyzed by 
immunoblotting with antibodies as indicated. (E) Co-immunoprecipitation analysis of secreted GP73 (sGP73) and secreted APOE (sAPOE) in the 
culture supernatants of Huh7.5.1 cells cotransfected with plasmids expressing FLAG-tagged GP73 and HA-tagged APOE. The supernatants were 
immunoprecipitated with normal mouse IgG (mlgG), anti-Flag and anti-HA, respectively. The supernatants and immunoprecipitates were analyzed by 
immunoblotting with antibodies as indicated. (F) Co-immunoprecipitation analysis of 293T cells cotransfected with plasmids expressing FLAG-tagged 
GP73 truncations and HA-tagged APOE. Cell lysates were immunoprecipitated anti-Flag antibody. The cell lysates and immunoprecipitates were 
analyzed by immunoblotting with anti-HA antibodies as indicated. (G) Sucrose density gradient analysis of the culture medium of HCV-GFP infected 
cells. (Upper) Supernatant from infected Huh-7.5.1 cells was fractionated as described in Materials and Methods. The buoyant density of sucrose is 
plotted with the viral RNA of HCV-GFP measured by qRT-PCR. (Lower) Western blot analysis of GP73, APOE, and core proteins in the fractions of 
sucrose gradient. 

doi:1 0.1 371 /journal.pone.0090553.g005 
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studies indicate that HCV infection is correlated with upregulated 
GP73 in clinical samples [14—16]. However, little is known about 
the physiological functions and regulatory mechanism of GP73 
during HCV infection. 

To investigate whether HCV infection upregulates GP73 
expression at the cellular level, we detected the change in 
expression of GP73 in HCV SGR-harboring cells and HCV- 
infected cells. The mRNA and protein expression levels of GP73 
significandy increased in SGR-harboring cells and declined when 
the HCV genome was cleared, either in Huh7 or Huh7.5.1 cells 
(Figures 1A and IB). The expression of GP73 in Huh7.5.1 cells 
was higher than that in Huh7 cells. One probable reason is that 
Huh7.5.1 cells were derived from the Huh7.5 cells with clearance 
of harboring HCV replicon by human IFN-y [36]. In addition, 
Huh7.5 cells, a cell line with more capability of supporting HCV 
infection than Huh7, were derived from the Huh7 cells with 
clearance of harboring HCV replicon by human IFN-a [37]. The 
higher GP73 expression level in Huh7.5.1 cells possibly suggests 
the important function of GP73 in effectively supporting HCV 
infection, and pardy accounts for the different degrees of 
upregulation of GP73 by HCV replicon in the two cell lines 
(Figures 1A and IB). 

The upregulation of GP73 in SGR-harboring cells indicates that 
GP73 was probably upregulated by viral RNA replication and 
non-structural protein expression. However, no evident change in 
the expression of GP73 was observed in stably cells expressing 
non-structural proteins (Figure S3). This finding minimizes the 
probability that GP73 was regulated by the expression of one 
specific non-structural protein. In persistent HCV-infected cells, 
the viral replication pattern of rapidly peaking followed by a slow 
decline was similar to the pattern of HCV acute infection and 
subsequent chronic infection in clinical patients [38] (Figures 1C 
and ID). Meanwhile, GP73 was remarkably upregulated in late 
HCV-infected cells (10 d after infection) but not in early HCV- 
infected cells (4 d after infection) (Figure 1). Previous results 
revealed the existence of co-evolutionary events in both host and 
virus during persistent HCV infection [39]. Based on the 
aforementioned results, we hypothesize that the upregulation of 
GP73, which assists the virus in efficiendy releasing virions, is 
resulted from the transformation of cells caused by persistent HCV 
infection. However, further investigations are needed to verify this 
hypothesis and disclose its underlying mechanism. 

Recent studies suggest the involvement of the Golgi apparatus 
in HCV secretion [1 1-13,40]. Our study extended this knowledge 
to another resident Golgi protein, GP73. The overexpression of 
GP73 significantly enhanced HCV secretion without any influence 
on HCV entry and RNA replication in Huh7.5.1 cells. Moreover, 
the severe suppression of HCV secretion by knocked-down of 
GP73 expression reveals the potential of GP73 as a target for anti- 
HCV drug development (Figure 3). The coiled-coil domain of 
GP73 and its Golgi localization are necessary for the enhancement 
of HCV production (Figure 4). Our previous study showed that the 
coiled-coil domain of GP73 is highly conserved, and serves as the 
interaction domain for the homodimerization of GP73 and its 
interaction with other proteins such as clusterin [25,27]. These 
results suggest that GP73 possibly recruits other proteins in HCV 
secretion through the coiled-coil domain. 

APOE, a previously defined HCV secretion related gene, was 
upregulated by GP73. The increase in the intracellular and 
supernatant APOE in GP73-overexpressed cells indicates that the 
upregulation of GP73 enhanced the expression and secretion of 
APOE (Figure 5B). Recent studies suggest intracellular APOE 
facilitates lipid recruitment at different stages of very low-density 
lipoprotein (VLDL) assembly and trafficking through the endo- 



plasmic reticulum-Golgi secretory compartments [41]. To date, 
mounting evidence indicated that HCV exploits the hosts' 
pathway of producing VLDLs to assemble and secrete virions 
[42-45]. One possibility is that GP73 enhances HCV secretion 
through increasing the assembly and secretion of VLDL by 
upregulating intracellular APOE. The effect of GP73 expression 
on VLDL assembly and secretion needs further investigations. 
Meanwhile, the interaction between GP73 and APOE in 
intracellular and secreted conditions suggests that GP73 and 
APOE may be secreted together through the similar secretory 
pathway (Figures 5D and 5E). The release of infectious HCV into 
the culture medium depends on the secretion of APOE [34]. Thus, 
another possibility is that GP73 enhances HCV secretion by 
increasing the secretion of APOE to facilitate the release of HCV 
virion. The detection of GP73 together with APOE and HCV core 
protein in the fractions with high HCV infectivity suggests the 
possible association of GP73, APOE, and HCV virion (Figure 5G). 
Previous studies showed that the interaction between APOE and 
NS5A is important for the release of infectious viral particles 
[46,47]. However, we failed to identify the interaction between 
GP73 and NS5A through co-IP assay (data not shown). If the 
possibility of insufficient detection sensitivity of antibody can be 
ruled out, the results indicate that the association among GP73, 
APOE, and HCV virion is not accomplished through a similar 
pathway. APOE has been shown to facilitate the entry of HCV 
through its interaction with low-density lipoprotein receptor [48]. 
However, the lack of effect of GP73 expression on HCVpp 
infectivity and the inability of the GP73 antibody to block HCV 
infection both indicate that the association of GP73 with HCV 
virion does not participate in the entry process of HCV (Figure 3E, 
and data not shown). Furthermore, not thoroughgoing decrease of 
APOE in GP73 knocked-down cells implies the existence of other 
pathways, besides APOE, in GP73 to enhance HCV secretion. 

APOE allele epsilon 4 is closely related to Alzheimer's disease 
[49,50]. Genome-wide association studies showed that two single- 
nucleotide polymorphisms in GP73, rsl0868366 and rs7019241, 
are associated with the pathogenesis of Alzheimer's disease [51— 
54]. The interaction between GP73 and APOE gives a hint to 
understand the role of GP73 in the pathogenesis of Alzheimer's 
disease. Investigation of the interaction between GP73 and APOE 
will advanced our understanding of the physiological significance 
of GP73, a protein with unknown functions. 

In summary, we demonstrate that GP73, a novel biomarker for 
liver diseases, is upregulated by HCV infection and enhances 
HCV secretion. In addition, we illustrate the possible mechanism 
by which GP73 increases HCV secretion. APOE, an identified 
host factor that facilitates HCV secretion, is upregulated by GP73, 
and can interact with GP73. The study is the first to confirm the 
correlation between GP73 and HCV infection at the cellular level. 
The identification of the involvement of GP73 in the process of 
HCV secretion strengthens the key role of the Golgi in HCV 
secretion and provides new insights into the therapeutic design of 
anti-HCV strategies and physiological function of GP73. 

Supporting Information 

Figure SI Infection efficiency measured by flow cytometry is 
highly coincident to the HCV titer. Naive Huh7.5.1 cells were 
incubated with HCV-containing supernatant at different volumes 
for 6 h before washout. Then, infectivity was detected by flow 
cytometry at 72 h post-infection. 
(TIF) 

Figure S2 GP73 enhances HCV production in stable Huh7 
cells. Stable GP73 overexpressed cells (Huh7 GP73) and GP73 
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knockdown cells (Huh7 shGP73) were established with lentivirus 
as described in the "Materials and Methods" section. (A) GP73 
mRNA level in stable cells. (B) Infection efficiency of HCV-GFP in 
stable Huh7 cells at 0.02 MOI. (C) Intracellular viral RNA level. 
(D) Supernatant infectivity at 96 h post-infection. The results were 
presented as mean ± the SEM. 
(TIF) 

Figure S3 GP73 is not upregulated by HCV non-structural 
protein expression. (A) Huh7 cells were transfected with indicated 
plasmids. GP73 mRNA level was quantified by qRT-PCR at 72 h 
post-transfection. (B) Huh7 cells that stably express HCV non- 
structural protein were established with lentivirus infection and 
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